Fusarium graminearum is a fungus frequently isolated from cereal grains. This study investigates the histopathological effects of dietary F. graminearum on rat liver. Treatment and control group rats were fed F. graminearum-inoculated and non-inoculated rice, respectively. After 14 days, all rats were sacrificed, and their livers analysed by electron and light microscopy. Electron microscopy of treatment group livers identified hepatocytes with well-developed smooth endoplasmic reticulum, swollen mitochondria, lipid accumulation, numerous vesicles containing electron-lucent materials and increased lysosomes. Many Kupffer's cells containing apoptotic bodies were also seen. Light microscopy identified hepatocytes from the treatment group with: cytoplasmic and nuclear pleomorphism; foci of necrosis; mononuclear cell infiltration; and presence of apoptotic bodies. These changes were absent in control rat livers indicating that dietary F. graminearum causes inflammation and parenchymal damage in the rat liver. This is the first histopathological study showing the association between F. graminearum and liver damage.
Introduction
Fusarium species are facultative saprophytic fungi that commonly cause plant diseases 1 and are common contaminants of grains such as corn and wheat. 2, 3 Members of the genus Fusarium can also present a danger to human and animal health by producing mycotoxins that lead to severe toxicity. 4, 5 Many such mycotoxicoses, associated with consumption of Fusarium-infected cereals, have been reported. 6, 7 Some scientists have reported that F. moniliforme can cause severe hepatic, renal and cerebral lesions in animals fed on fungus-contaminated corn. 8, 9 Pulmonary oedema and hydrothorax, 10 hepato-and nephrotoxicity, 11 hepatocellular hyperplasia 12 and hepatocarcinoma 13 have also been observed in some animals given fumonisin B 1 , a mycotoxin produced by F. moniliforme. The literature concerning morphological changes caused by F. graminearum in mammalian organs is very limited. No significant lesions or abnormalities were found in the livers, spleens, hearts and kidneys of pigs fed on wheat containing deoxynivalenol (DON, a mycotoxin (commonly called vomitoxin) produced by F. graminearum). 14 Haemorrhage, uterine enlargement and death have been observed, however, after gross pathological examination of rats fed F. graminearuminoculated rice. 15 The well-known mycotoxins of F. graminearum are DON and zearalenone. 16 -19 DON, a toxic trichothecene, causes lymphopenia in experimental animals, and reproductive problems occur in animals given zearalenone. 18 -20 F. graminearum has been reported to produce T-2 toxin, 21 which is over 400-fold more toxic than DON, 4 and diacetoxyscirpenol (DAS). 5 Atroshi et al. 22 showed, by gel electrophoresis, that T-2 toxin induced DNA damage in mouse livers.
The fungus can produce these toxins both prior to harvest and during storage. 23 Natural occurrence of DON in sweetcorn prior to harvest and canning has been reported in Maryland and Delaware, USA. 24 Interestingly, Martins and Martins 25 determined the presence of DON in 72.8% of 88 samples collected from different wheat-based breakfast cereals marketed in Portugal. F. graminearum was also found in 42% of winter wheat cultivar field samples collected in Poland, 26 and in 52.12% of 165 corn samples obtained from various silo and storehouses in five provinces of a major corn-producing area in the Eastern Black Sea Region of Turkey. 27 This suggests that F. graminearum may be a health concern to humans and animals globally. As there are no previous microscopic studies showing F. graminearuminduced liver damage, we aimed to examine any harmful effects of F. graminearum on rat livers using electron and light microscopy.
Materials and methods

ANIMALS
Twelve young adult female Sprague-Dawley rats (200 -250 g each) from the Biotechnology Animal Lab (Ataturk University, Turkey) were randomly allocated into two groups of six. Rats in the treatment group were fed with a 1:1 (vol/vol) mixture of inoculated rice and commercial rat diet for 14 days. Control rats were fed a mixture of noninoculated rice and commercial rat diet for 14 days. The animals were individually housed in stainless-steel cages, and maintained under standardized conditions of light (12 h light/dark cycle) and temperature (22 ± 2 ºC), with fresh tap water. After 14 days, the rats were sacrificed by cervical dislocation, and their livers removed. The Department of Basic Medical Science, Ataturk University, Turkey gave ethical approval for this study.
F. GRAMINEARUM SOURCE
An isolate of F. graminearum (ED-40, Plant Protection Laboratory, Ataturk University, Turkey), obtained from corn kernels collected from the Eastern Black Sea Region of Turkey, 27 was cultured on an autoclaved rice medium (200 g rice and 120 ml distilled water) in a 1 l flask. This medium was selected to ensure production of high levels of mycotoxins. 28 Cultures were incubated at room temperature (24 ºC) for 2 weeks, and then in an incubator at 10 ºC for 2 weeks. Inoculated rice grains were dried, ground to the consistency of flour, and used as feed. 15 
MICROSCOPIC ANALYSIS
Tissue specimens for electron microscopic examination were fixed in 3% glutaraldehyde in 0.1 M phosphate buffer (pH = 7.4), postfixed in 1% phosphate-buffered osmium tetroxide (pH = 7.4; Agar, Cambridge, UK), dehydrated in a graded acetone series, and washed three times in 100% propylene oxide. After dehydration, specimens were infiltrated in 1:1 (vol/vol) propylene oxide/Araldite CY 212 (Agar, Cambridge, UK) for 1 h, 100%
Araldite CY 212 for 1 h, fresh Araldite CY 212 overnight at room temperature, and embedded in fresh Araldite CY 212 for 48 h at 63 ºC. Sections were cut using an ultratome (Nova LKB Bromma, Sweden). Thin sections (70 -80 nm) were stained for 25 min in 2% uranyl acetate and 5 min in 0.4% lead citrate, 29 and examined using a Jeol 100 SX transmission electron microscope (Jeol, Tokyo, Japan).
Slices of liver for light microscopy were fixed by immersion in Bouin's solution, and embedded in paraffin wax. Paraffin sections, 4 -5 µm thick, were stained with haematoxylin and eosin and examined using an Olympus BH-2 light microscope (Olympus, Tokyo, Japan).
Results
In the control group, most hepatocytes had a single nucleus, with a few binucleate cells. The nucleus was typically large and vesicular, with scattered chromatin clusters and one or more prominent nucleoli. In these liver cells, numerous mitochondria, well-developed rough endoplasmic reticulum (RER), and large clumps of glycogen surrounded by these organelles were observed. The mitochondria were spherical or rod-shaped, depending on the location within the cell. RER were generally in parallel aggregations of cisternae ( Fig. 1) .
Hepatocytes from the treatment group showed excessive development of the smooth endoplasmic reticulum (SER), especially within large glycogen clumps. RER-tubules were continuous with these well-developed SER-tubules (Figs 2 and 3). Enlarged mitochondria, containing an electron-lucent matrix (swollen mitochondria) were also observed ( Fig. 3 ). Some of these mitochondria were distorted, and the boundary membranes were discontinuous or fragmented (Fig. 2) . The Golgi organelle was well developed (Fig. 3) , and the number of 394 E Ozbek, A Ozbek Histopathological effects of F. graminearum on rat liver (Figs 2 -4 ). Many lipid droplets around the SER tubules (Fig. 2) , and numerous small vesicles containing electronlucent materials (Fig. 4) were present. A number of damaged hepatocytes were found in the treatment group, and the majority of the cytoplasmic organelles in these cells were degraded (Fig. 5) .
Analysis by light microscopy revealed mononuclear cell infiltrations between hepatic cell plates, and foci of hepatocellular debris in the treatment group (Fig. 6A ). The hepatocytes in this group and their nuclei were varied in size and appearance (Figs 6B and 6C). Hepatocytes with dense eosinophilic cytoplasm and a small heterochromatic nucleus were seen among normal hepatocytes. Some hepatocytes had cytoplasmic vacuolization ( Fig. 6B ) and in others the cytoplasm had a ground glass appearance, seen as a pale opaque cytoplasm (Figs 6A and 6C ). Mitotic figures were sporadically seen in the livers of the treatment group (Fig. 6C) , and many apoptotic bodies were observed (Fig. 6B) .
Electron microscopy also revealed many apoptotic bodies containing nuclear fragments, and/or degenerated cytoplasmic organelles with surrounding phagosome membranes in Kupffer's cells (Figs 7 and 8 ).
Discussion
Fusarium graminearum is an important pathogen of small grains and maize in many areas of the world, and fungusinfected grains are often contaminated with mycotoxins harmful to humans and animals. 30 We examined histopathological changes in the liver of rats fed on F. graminearum-inoculated rice by electron and light microscopy, and nuclear and cytoplasmic pleomorphism was observed in hepatocytes from the treatment group. Necrotic cells showed an increase in eosinophilia that was attributable, in part, to increased binding of eosin to denatured intracytoplasmic proteins and condensing of the nuclei (pyknotic nuclei). 31, 32 Dense eosinophilic hepatocytes with pyknotic nuclei were seen in the livers of rats fed an F. graminearum-infected diet, suggesting that F. graminearum induces hepatic cell death.
Ultrastructural findings, such as swelling of the mitochondria, discontinuity of organelle membranes, and breakdown of cell organelles, were also indicative of hepatocellular necrosis. Mitochondria are important targets for virtually all types of injurious stimuli (including toxins), and mitochondrial swelling occurs under toxic conditions. Mammalian cells are dependent on oxidative metabolism for long-term survival; ultimately, irreparable damage to mitochondria will kill cells. After death, cell components are progressively degraded, and foci of cellular debris occur. 31 Mononuclear cell infiltration, indicative of tissue inflammation, was interpreted as a response to fungus-induced liver damage in the treatment group. We found many secondary lysosomes and multivesicular bodies in hepatocytes from rats in the treatment group (multivesicular bodies are forms of secondary lysosomes). Presence of these structures was taken as a sign of increased cellular digestion of food-born toxic material, or damaged organelles. Well-developed Golgi organelles were seen, and this is unsurprising because they influence lysosome formation.
Many apoptotic bodies were also observed in the hepatocytes and Kuppfer cells of rats in the treatment group. Tolleson et al. 33 noted that characteristic features of apoptosis are condensation of the chromatin to the periphery of the nucleus, shrinkage of the cytoplasm and formation of apoptotic bodies, which can be phagocytosed by macrophages. We also found apoptotic bodies within Kupffer's cells (a component of the diffuse mononuclear phagocyte system). 34 Zhou et al. 35 reported that DON induces apoptosis in lymphoid organs. Leakage of cytochrome c into the cytosol, because of 31 Trichothecene mycotoxins, such as T-2 toxin and DAS, can activate caspase-3 and DFF-40/CAD through cytosolic accumulation of cytochrome c and caspase-9 activation in human leukaemia HL-60 cells, and induce internucleosomal DNA fragmentation. 36 Agarose gel electrophoresis demonstrated that T-2 toxin and DON caused 56% and 23% of hepatic DNA fragmentation, respectively, compared with no toxins. 37 Leal et al. 38 showed that in vitro exposure of chicken hepatocytes to T-2 toxin resulted in cellular damage.
We observed some mitotic figures in the livers of rats in the treatment group, indicating that hepatocellular proliferation may occur in an attempt to replace necrotic and apoptotic liver cells.
Cytoplasmic vacuolization, many lipid droplets, and abundant vesicles containing electron-lucent materials were observed in hepatocytes from the treatment group. Toxins can give rise to hepatic steatosis, 31 so the numerous vesicles observed in hepatocytes from the treatment group may result from accumulation of lipids (and/or lipoproteins) in agranular terminal expansions of the RER and SER tubules. Fumonisin B 1 can cause fatty changes and disruption of sphingolipid metabolism in the liver. 11, 39 We found more developed SER in hepatocytes from the treatment group than the control group. It is known that the SER has significant functions in lipid metabolism and detoxification processes; 34 under toxic conditions, therefore, excessive development of the SER is expected.
We conclude that dietary F. graminearum caused inflammation and cellular damage to rat livers. These findings warrant further investigation of the role of F. graminearum in the aetiology of human and animal diseases that occur frequently in regions of cereal grain production. 
